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Abstract 13 
 14 
 The Raman spectrum of atelestite Bi2O(OH)(AsO4), a  hydroxy-arsenate mineral 15 
containing bismuth, has been studied in terms of  spectra-structure relations. The studied 16 
spectrum is compared with the Raman spectrum of atelestite downloaded from the RRUFF 17 
database. The sharp intense band at 834 cm-1 is assigned to the ν1 AsO43- (A1) symmetric 18 
stretching mode and the three bands at 767, 782 and 802 cm-1 to the ν3 AsO43- antisymmetric 19 
stretching modes. The bands at 310, 324, 353, 370, 395, 450, 480 and 623 cm-1 are assigned 20 
to the corresponding ν4  and ν2 bending modes and Bi-O-Bi (vibration of bridging oxygen) 21 
and Bi-O (vibration of non-bridging oxygen) stretching vibrations. Lattice modes are 22 
observed at 172, 199 and 218 cm-1. A broad low intensity band at 3095 cm-1 is attributed to 23 
the hydrogen bonded OH units in the atelestite structure. A weak band at 1082 cm-1 is 24 
assigned to δ (Bi-OH) vibration.   25 
 26 
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Introduction 29 
 30 
 Atelestite, Bi2O(OH)(AsO4), is a monoclinic mineral, space group P21/c, forming 31 
tabular to prismatic crystals. The unit cell parameters are a 10.831(2), b 7.430(2), c 7.000 Å, 32 
β 107.08(2)o, Z =4 [1,2]. Atelestite is formed as a rare supergene mineral in the oxide zone of 33 
bismuth- and arsenic- bearing mineral deposits; it is usually associated with bismutite, 34 
eulytite, erythrite, bismutostibiconite, beyerite, presingerite, walpurgite, mixite, conichalcite, 35 
torbernite etc. [2]. In atelestite-type minerals complete As-V-P isomorphism is observed [3]; 36 
its P- (smrkovecite) and V- (hechtsbergite) analogues have been recently described [4,5]. 37 
Crystal structure of atelestite was solved from single-crystal X-ray diffraction data by 38 
Mereiter and Preisinger [1]. In the asymmetric part of the unit-cell of atelestite, there are two 39 
symmetrically distinct bismuth atoms, one arsenic atom and six oxygen atoms; one of them 40 
adheres to OH- group. Arsenic atom is coordinated by four oxygen atoms forming slightly 41 
distorted (AsO4) tetrahedron. Both bismuth atoms are coordinated by six ligands Biφ6 (where 42 
φ = O, OH), thus forming strongly irregularly distorted Bi(O,OH)6 polyhedra. The 43 
coordination polyhedra are strongly distorted namely due to lone-pair stereoactive electrons 44 
of bismuth atoms. In the structure, there are two types of bridges Bi-OH-Bi and Bi-O-Bi. 45 
Only Raman spectra of atelestite without any interpretation are available in the RRUFF 46 
database (Atelestite R080139). Corresponding wavenumbers of Raman bands were inferred 47 
from the Figure of R080139 and used in this paper for comparison. Raman and  48 
infrared spectra of šreinite [6] and uranosphaerite [7] were also used to facilitate and help in 49 
the   interpretation of the Raman spectra of atelestite. 50 
 51 
The objective of this paper is to report the Raman spectrum of atelestite and relate the 52 
spectrum with the molecular and crystal chemistry of this bismuth arsenate type mineral. The 53 
paper follows the systematic research of the large group of supergene minerals [8-11] and 54 
especially molecular structure of minerals containing oxyanions using Raman spectroscopy 55 
[12-16].     56 
 57 
EXPERIMENTAL 58 
Minerals 59 
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 60 
 The studied sample of the mineral atelestite was found at the type occurrence 61 
Schneeberg, Germany and it is deposited in the collection of National Museum, Prague 62 
(Czech Republic). The sample was analysed for phase purity by X-ray powder diffraction, 63 
and no significant impurities were found. Its refined unit-cell parameters for the monoclinic 64 
space group P21/c: a = 6.983(1), b = 7.432(1), c = 10.818(1) Å,  β = 106.97(1)o, V = 537.0 (1) 65 
Å3 are comparable with data from the crystal structure refinement [1] . The atelestite sample 66 
was quantitatively analysed by Cameca SX 100 microprobe system in wavelength dispersion 67 
mode for chemical composition. Studied sample was mounted into the epoxide resin and 68 
polished. The polished surface was coated with carbon layer 250 Å. An acceleration voltage 69 
of 15 kV, a specimen current of 10 nA, and a beam diameter of 5 μm were used. The 70 
following lines and standards were used: Kα: andradite (Ca), fluorapatite (P), sanidine (Si), 71 
topaz (F), vanadinite (V); Lα: lammerite (As) and Mβ bismuth (Bi). Peak counting times 72 
(CTs) were 20 s for main elements and 60 s for minor ones, CT of each background was ½ of 73 
peak time. The raw intensities were converted to the concentrations using automatic PAP 74 
matrix correction software package. The H2O content was calculated from charge balance. 75 
The results (mean of 3 point analyses) are in weight % CaO (0.07), Bi2O3 (78.22), SiO2 76 
(0.57), P2O5 (0.12), As2O5 (17.63), V2O5 (0.02), F (0.11), H2Ocalc 1.54, the sum 98.28 wt. % 77 
and empirical formula on the basis of  (As+Si+V+P) = 1 apfu is 78 
(Bi2.04Ca0.01)2.05O[(OH)1.04F0.03]Σ1.07 [(AsO4)0.93(SiO4)0.06(PO4)0.01]Σ1.00. The observed chemical 79 
composition of atelestite sample is close to the ideal composition Bi2O(OH)(AsO4)  given for 80 
this compound [1,2]. 81 
 82 
Raman spectroscopy 83 
 84 
Crystal fragments of atelestite were placed on a polished metal surface on the stage of 85 
an Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The 86 
microscope is part of a Renishaw 1000 Raman microscope system, which also includes a 87 
monochromator, a filter system and a CCD detector (1024 pixels). The Raman spectra were 88 
excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 89 
nm and collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range 90 
between 200 and 4000 cm-1. Repeated acquisition on the crystals using the highest 91 
magnification (50x) were accumulated to improve the signal to noise ratio in the spectra. 92 
Spectra were calibrated using the 520.7 cm-1 line of a silicon wafer.  Previous studies by the 93 
4 
 
authors provide more details of the experimental technique [12-16]. Alignment of all crystals 94 
in a similar orientation has been attempted and achieved. However, differences in intensity 95 
may be observed due to minor differences in the crystal orientation.  A Raman spectrum of 96 
atelestite was downloaded from the RRUFF web site for comparative purposes (see 97 
http://rruff.info/Atelestite).   98 
 99 
Spectral manipulation such as baseline correction/adjustment and smoothing were 100 
performed using the Spectracalc software package GRAMS (Galactic Industries Corporation, 101 
NH, USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software 102 
package that enabled the type of fitting function to be selected and allows specific parameters 103 
to be fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-104 
product function with the minimum number of component bands used for the fitting process. 105 
The Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 106 
undertaken until reproducible results were obtained with squared correlations of r2 greater 107 
than 0.995.  108 
 109 
Results and discussion 110 
 111 
Arsenate and Bi-O vibrations 112 
 113 
According to Myneni et al. [17,18] and Nakamoto [19], AsO43- is a tetrahedral unit, 114 
which exhibits four fundamental vibrations: the ν1 symmetric stretching vibration (A1) 818 115 
cm-1, Raman active; the doubly degenerate ν2 symmetric bending vibration (E) 350 cm-1, 116 
Raman active; the triply degenerate ν3 antisymmetric stretching vibration (F2) 786 cm-1, and 117 
the triply degenerate ν4 bending vibration (F2) 405 cm-1 , both infrared and Raman active. 118 
Protonation, metal complexation, and/or adsorption on a mineral surface should cause change 119 
in AsO43- symmetry from Td to lower symmetries, such as C3v, C2v or C1. This loss of 120 
degeneracy causes splitting of degenerate vibrations of AsO43- and the shifting of the As-OH 121 
stretching vibrations to different wavenumbers. Such chemical interactions reduce AsO43- 122 
tetrahedral symmetry, as mentioned above, to either C3v/C3 (corner-sharing), C2v/C2 (edge-123 
sharing, bidentate binuclear), or C1/Cs (corner-sharing, edge-sharing, bidentate binuclear, 124 
multidentate) [17,18] . In association with AsO43- symmetry and coordination changes, the A1 125 
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band may shift to different wavenumbers and the doubly degenerate E and triply degenerate F 126 
modes may give rise to several new A1, B1, and/or E vibrations [17,18].  127 
Bismuth ions, Bi3+, can form BiO3 pyramidal or BiO6 octahedral polyhedra. Pyramidal 128 
polyhedra exhibit four fundamental vibrations (ν1/A1, ν2/A1, ν3/E, ν4/E), which are all Raman 129 
active, while octahedral polyhedra have six modes of vibrations (ν1/A1g (RA), ν2/Eg (RA), 130 
ν3/F1u, ν4/F1u, ν5/F2g (RA), ν6/F2u), three of which are Raman active [19-21]. 131 
 132 
Raman spectroscopy of atelestite 133 
 134 
The Raman spectrum of atelestite in the 700 to 1200 cm-1 region is reported in Figure 135 
1; in the 100 to 700 cm-1 region in Figure 2; in the 2700 to 3600 cm-1 region in Figure 3.  136 
 137 
In the Raman spectrum of atelestite (Figure 1) a set of overlapping bands at 767, 782, 138 
802 and 834 cm-1 are observed. The sharp intense band at 834 cm-1 is assigned to the ν1 139 
AsO43- (A1) symmetric stretching mode. The three bands at 767, 782 and 802 cm-1 are 140 
attributed to the triply degenerate ν3 AsO43- antisymmetric stretching modes. The Raman 141 
spectrum of atelestite in the RRUFF data base shows an intense sharp peak at 834  142 
cm-1 in agreement with the results reported in this work. Three bands are observed for 143 
atelestite in the RRUFF spectrum at 765, 781 and 800 cm-1 which are in harmony with the 144 
results reported here. Low intensity bands are observed for RRUFF atelestite at ~900 and 948 145 
cm-1 which are attributed to the presence of the phosphate anion in the atelestite structure. 146 
The observation of multiple bands at 767, 782 and 802 cm-1 in the Raman spectrum of the 147 
studied sample provides evidence for the reduction of symmetry of the AsO43- units.   148 
 149 
The spectrum of the low wavenumber region of atelestite is complex with sets of 150 
overlapping bands. The bands in the region from 300 to 600 cm-1 (310, 324, 352, 370, 395, 151 
450, 480 cm-1) are connected with the triply degenerate ν4 and doubly degenerate ν2 AsO43- 152 
bending modes and the Bi-O-Bi symmetric anion vibration (vibration of bridging oxygen). A 153 
shoulder at 395 cm-1 may be connected with the Bi-O-Bi vibration of the [BiO6] tetrahedral 154 
units. A weak band at 623 cm-1 can be attributed to the Bi-O stretching vibration (vibration of 155 
non- 156 
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bridging oxygen) of the octahedral units [20]. Raman bands at 118, 173, 200, 219 and 157 
278 cm-1 may be connected with the Bi-O stretching vibrations and lattice vibrations. The 158 
Raman spectrum of RRUFF atelestite is practically identical with that studied in this paper.  159 
 160 
 A low intensity Raman band is found at 3095 cm-1 and is assigned to the stretching 161 
mode of the hydrogen bonded OH units ( O-H...O hydrogen bond length ~2.68 Å) in the 162 
atelestite structure [22]. A weak band at 1082 cm-1 is assigned to the δ (Bi-OH) vibration. No 163 
bands above 1200 cm-1 are reported for the atelestite RRUFF Raman spectrum.   164 
 165 
 166 
CONCLUSIONS 167 
 168 
(1) The mineral atelestite is formed in the oxide zone of bismuth and arsenic-bearing 169 
mineral deposits. Raman spectroscopy has enabled the molecular structure of this 170 
mineral to be analysed.   171 
(2) The arsenate anion undergoes distortion in the structure as is evidenced by the 172 
multiple ν3  stretching vibrations and the multiple ν2 and ν4 bending modes caused by 173 
splitting of the AsO43- triply degenerate ν3 stretching and  ν4 bending and doubly 174 
degenerate ν2 bending vibrations. 175 
(3) Raman bands related to the Bi-O-Bi and Bi-O stretching and Bi-OH bending 176 
vibrations were observed. 177 
(4) A band connected with the OH stretching vibration of hydrogen bonded hydroxyls 178 
was attributed and approximate value of the corresponding O-H...O hydrogen bond 179 
was inferred.     180 
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Figure Captions 225 
 226 
 227 
Fig. 1  Raman spectrum of atelestite (Schneeberg, this study) in the range from 700 to 228 
1200 cm-1 229 
 230 
Fig. 2  Raman spectrum of atelestite (Schneeberg, this study) in the range from 100 to 231 
700 cm-1 232 
 233 
Fig. 3  Raman spectrum of atelestite (Schneeberg, this study) in the range from 2700 to 234 
3600 cm-1 235 
 236 
237 
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Fig. 1  Raman spectrum of atelestite (Schneeberg, this study) in the range from 700 to 244 
1200 cm-1245 
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Fig. 2  Raman spectrum of atelestite (Schneeberg, this study) in the range from 100 to 249 
700 cm-1 250 
251 
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Fig. 3  Raman spectrum of atelestite (Schneeberg, this study) in the range from 2700 to 255 
3600 cm-1 256 
